Continuous spinal anesthesia is a relatively old technique that has potential advantages over both singleinjection anesthesia and continuous epidural anesthesia. Despite its long history, clear guidelines for the safe administration of local anesthetics via an indwelling subarachnoid catheter remain to be established. We report four cases from three different institutions in which persistent neurologic deficits occurred after a continuous spinal anesthetic.
Continuous spinal anesthesia is a relatively old technique that has potential advantages over both singleinjection anesthesia and continuous epidural anesthesia. Despite its long history, clear guidelines for the safe administration of local anesthetics via an indwelling subarachnoid catheter remain to be established. We report four cases from three different institutions in which persistent neurologic deficits occurred after a continuous spinal anesthetic.
Case 1
A 68-yr-old man was scheduled for a transurethral resection of the prostate and a right recurrent inguinal hernia repair. His medical history included hypertension, coronary artery disease, and renal calculi. Previous surgery included a right inguinal hernia repair (performed with a field block), a coronary artery bypass graft, and an L3-4 laminectomy. Although he continued to have low back pain after the laminectomy, the pain was nonradicular and he had no neurologic deficit. Medications included metoprolol, dipyridamole, and aspirin; the latter two had been discontinued before the present surgery.
With the patient in a sitting position, a 22-gauge spinal needle was inserted at the L3-4 level, and a 28-gauge catheter (CoSpan, Kendall Healthcare, Mansfield, Mass.) was advanced 3 cm into the subarachnoid space; no paresthesias were elicited during placement. The patient was turned to the supine horizontal position and a total of 150 mg of 5% lidocaine hydrochloride with 7.5% glucose (Astra Pharmaceutical, Westboro, Mass.) was administered in three divided doses over a 15-min period until sensory blockade to a T-8 level was achieved. An additional 25 mg of 5% lidocaine and 0.25 mg of preservative-free morphine (Duramorph, ElkinsSinn, Cherry Hill, N.J.) were injected through the catheter 1 h later. The catheter was easily removed after the 3-h procedure.
On the following day, the patient was noted to have a left S-1 to S-4 radiculopathy, which showed
Computed tomography results were unremarkable. No paresthesias were elicited with either needle or catheter placement. Fifty milligrams of 5% lidocaine hydrochloride with 7.5% glucose (Astra Pharmaceutical) was administered, followed by an additional 50 mg of lidocaine with an "epinephrine wash" of the syringe, resulting in sensory blockade to T-6 sensory level and motor blockade to L1-2. During the 3.5-h procedure, an additional 200 mg of lidocaine in divided doses was administered through the catheter, primarily to treat tourniquet pain. The catheter was removed without difficulty at the end of the procedure. Four hours postoperatively, perineal numbness persisted and the patient was unable to void. Twelve days later, she still had hypesthesia and hypalgesia bilaterally in the S-3 to S-5 distribution. Anal sphincter tone was diminished and anal reflexes were absent. Lumbosacral spine films and lumbosacral magnetic resonance imaging results were within normal limits. Forty days postoperatively, the patient continued to be unable to void or defecate spontaneously. There is slight recovery of anal wink. She can walk normally.
Case 3
A 56-yr-old man was scheduled for excision of a right saphenous neuroma. His medical history included a 4-yr history of chronic pain along the medial and lateral aspect of the right ankle, which followed a fracture. Radiologic bone scan of the ankle was consistent with reflex sympathetic dystrophy. Several lumbar sympathetic blocks with local anesthetic (paravertebral approach) performed 4 mo before the present surgical procedure produced incomplete pain relief. His previous surgeries included an open reduction and internal fixation of the fractured right ankle, followed by hardware removal and a subsequent arthroscopic examination of the same ankle. All of these surgeries were performed with a spinal anesthetic.
With the patient in a right lateral decubitus position, a 22-gauge spinal needle was placed into the subarachnoid space at the L3-4 interspace on the second attempt, and a 28-gauge catheter (CoSpan, Kendall Healthcare) was advanced 4 cm into the space. The patient experienced a transient paresthesia in the left posterior thigh on advancing the catheter from 1 to 2 cm. A total of 110 mg of 5% lidocaine hydrochloride with 7.5% glucose (Astra Pharmaceutical) was administered in four separate doses over a 20-min period with the patient in a supine horizontal position. The onset of sensory blockade began in the left leg but did not extend to the surgical site (right medial ankle). Consequently, two additional doses of 25 mg were administered more rapidly with the patient in Trendelenburg position, and sensory blockade to the T-10 level was achieved. Surgery then proceeded uneventfully. An additional 30 mg was added during the hour-long procedure, and the catheter was removed without difficulty at the end of surgery. Later that evening, the patient complained of dribbling urine, and the next morning he was unable to empty his bladder. Neurologic examination found impaired sensation to pinprick in the perineal region. Magnetic resonance imaging results were within normal limits. Cystometrogram performed 8 and 35 days postoperatively showed reduced sensation of urgency. Electromyography was inconclusive but consistent with a cauda equina lesion. Ten months postoperatively, the patient still required intermittent urinary catheterization and rarely had a spontaneous bowel movement.
Case 4
A 67-yr-old man was scheduled for a femoralposterior tibia1 artery bypass. His medical history included peripheral vascular disease, hypertension, and moderately severe chronic obstructive pulmonary disease; medications included theophylline, metaproterenol, beclomethasone, hydrochlorothiazide-triamterene, aspirin, indomethacin, digoxin, and potassium supplements. Previous operations included a right and a left femoral-popliteal bypass. Both previous surgeries were performed with continuous spinal anesthesia, and the anesthetist was the same as in the present case.
With the patient in a right lateral decubitus posi-1991;72:27581 tion, an 18-gauge Tuohy needle was placed at the L3-4 interspace and a 20-gauge catheter (Perifix, Burron, Bethlehem, Pa.) was inserted 2.5 cm into the subarachnoid space; no paresthesias were elicited during placement. The patient was turned to the supine horizontal position and a total of 20 mg of 1% tetracaine (Winthrop-Breon, New York, N.Y.), diluted with an equal voIume of 10% dextrose in water, was injected in three separate doses over a period of 20 min; only a right sacral block developed. Noting that the expiration date of the tetracaine was that month, the anesthetist opened a different ampule (which had 3 yr remaining before expiration) and administered another 8 mg. Surgery proceeded 5 min later. An additional 9 mg of tetracaine was administered over the next 2.5 h. At the end of surgery, 0.25 mg of preservative-free morphine (Duramorph, Elkins-Sinn) was given through the catheter. The patient was moving his legs 3 h later in the recovery room and was monitored overnight in the surgical intensive care unit. The spinal catheter was removed the following morning. After the Foley catheter was removed, the patient could void only small amounts; 2 days postoperatively the Foley catheter was reinserted and 1200 mL of urine was obtained. The patient began to have episodes of fecal incontinence, noticed that he was unable to feel the Foley catheter, and complained of dysesthesias in the perineal area. Neurologic assessment confirmed a sensory deficit to pinprick and vibration in the S-3 to S-5 distribution bilaterally with preservation of position sense. Poor rectal sphincter tone was also noted. Computed tomography was unremarkable. Electromyography showed extensive changes consistent with denervation in all the nerve roots tested; that is, abnormal spontaneous activity, increased polyphasic morphology, and decreased recruitment of motor units in lumbar and sacral nerve roots from L-2 to S-4. Although there was some progression from anesthesia to dysesthesias in the perineal area in the initial 2 wk after surgery, no further recovery took place. Thirtyone months postoperatively, the patient required self-catheterization and was unable to have a bowel movement spontaneously.
Discussion
Serious neurologic complications rarely occur after spinal anesthesia (14). When they do, the logical first step is to distinguish whether the deficit is or is not directly related to the anesthetic procedure (5,6). The sacral location and multiple root involvement that occurred in these four cases make it extremely unlikely that patient positioning and/or the surgical procedure were the underlying causes. It is interesting, however, that initial neurologic assessment of the first case attributed the injury to patient positioning; it was only when the extent of anal sphincter and bladder dysfunction were appreciated that connection to the anesthetic procedure was considered. Delays in diagnosis also occurred in cases 3 and 4 for a different reason: in both, urinary dysfunction was not initially perceived as an unusual postoperative complication. Normal ambulation and lack of complaints about bowel function (the initial presentation was constipation) in these two older men resulted in their complaints being overlooked for 1 and 2 wk, respectively.
In all four cases, a cauda equina syndrome was ultimately diagnosed. This syndrome is characterized by varying degrees of urinary and fecal incontinence, sensory loss in the perineal area, and motor weakness in the legs (3). The potential causes include direct or indirect trauma, ischemia, infection, and neurotoxic reaction. Direct needle-induced trauma to the spinal cord during lumbar puncture rarely has long-lasting neurologic sequelae (7). Such cases are generally associated with paresthesias at the time of lumbar puncture followed by persistent back or leg pain, continuing paresthesias, and/or numbness of the feet or legs, usually localized to one side of the body (7, 8) . The passage of a catheter into the subarachnoid space may pose an additional risk. In a comparative study of single-dose and continuous spinal anesthesia performed with a ureteral catheter, a higher incidence of paresthesias and blood taps occurred with the continuous technique (9). However, catheters have been passed as far as 35 cm within the subarachnoid space without ill effect (10) . In the present cases, catheter placement was not associated with obvious trauma; in only one case was a mild transient paresthesia noted. Intraneural injection, another type of traumatic injury, is usually preceded by paresthesia and persistent pain during injection, neither of which occurred in the present cases (11). Most significantly, the neuropathology occurring in these cases would be difficult to explain by a single direct traumatic event. Trauma to nerve tissue may also result indirectly from an expanding epidural hematoma. The clinical findings and diagnostic studies were not consistent with such an etiology. In all four cases, magnetic resonance imaging and/or computed tomography studies showed no evidence of trauma, hematoma, or spinal cord compression.
Spinal cord ischemia may arise from global hypoperfusion or localized ischemia. However, these pa-tients remained hemodynamically stable, and the neurologic findings in these cases are inconsistent with the specific patterns of injury characteristic of localized ischemia (e.g., the anterior spinal artery syndrome [ 121).
Infection is extremely unlikely as a cause, given the absence of associated symptoms and the immediate onset and lack of progression of the neurologic deficits. Neurotoxic reactions, which may be immediate or delayed, can occur when contaminants are present or when the wrong substance is unintentionally injected. In the past, cases of chemical meningitis, arachnoiditis, and cauda equina syndrome have resulted from trace amounts of detergents used to clean needles and syringes and from contamination of local anesthetic ampules with alcohol or phenol used during sterilization (13, 14) . The routine use of disposable syringes and needles and of high-quality heat-sterilized local anesthetics has virtually eliminated this risk (7).
A direct neurotoxic effect of local anesthetic is a possible cause of the observed deficits. In the past, deficits have occurred after spinal anesthesia as a result of excessive anesthetic concentrations and certain local anesthetic formulations (3). In 1937, Ferguson and Watkins described 14 cases of cauda equina syndrome after the use of "heavy" Durocaine, a mixture of 10% procaine in 15% ethanol, glycerine, and gum acacia or gliadin (15). The cause of the injury was thought to be the vehicle components until it was shown that, in cats, the intrathecal administration of 10% procaine alone could produce similar deficits (16). In general, the authors' description of the neurologic deficits was similar to those that occurred in the present cases.
Whether currently used concentrations of local anesthetics have the potential to produce similar injuries is controversial. Recent reviews of local anesthetic tissue toxicity mention the rarity of nerve damage when local anesthetics are administered at usual clinical concentrations (17-20). In some animal models, the concentrations of various local anesthetics required to produce irreversible conduction blockade or permanent histologic changes exceed clinically administered concentrations of these agents (17, 21, 22) . In rabbits, persistent functional deficits were observed only with the intrathecal injection of 8%, not 4%, lidocaine (23) . Similarly, intrathecal injection of commonly used local anesthetic solutions in dogs via indwelling subarachnoid catheters, including 5% lidocaine and 0.5% tetracaine, produced no prolonged deficits or histologic changes (24) . A series of studies was published in the 1980s after several reports of permanent neurologic deficits following inadvertent subarachnoid injection of epidural dosages of 2-chloroprocaine (25, 26) . In an isolated rabbit vagus nerve preparation, 3% chloroprocaine, but not 2% lidocaine or 0.75% bupivacaine, produced conduction defects and histologic damage (27) . Initial studies indicated that the neurotoxic effect of chloroprocaine might be the result of its relatively low pH. However, later studies suggested that toxicity was related to a combination of low pH and the presence of sodium bisulfite (28) . The overall conclusion of many investigators was that chloroprocaine per se was not neurotoxic (17, 18) .
In contrast, other animal studies have demonstrated the potential neurotoxicity of clinical concentrations of local anesthetics. In rabbits, lesions of the cauda equina were observed in some animals after the intrathecal injection of 4% lidocaine; however, they were not consistently produced with concentrations less than 16% (23) . In in situ rat sciatic nerve experiments, solutions of 3% chloroprocaine, 1% tetracaine, 2% lidocaine, or 0.75% bupivacaine applied exteriorly to the epineurium have produced significant endoneurial edema (29) . Electron microscopy of these preparations revealed abnormal mast cells, Schwann cell injury, and axonal dystrophy. Further studies by the same investigators found that histologic evidence of nerve injury correlated well with both anesthetic potency and concentration. For example, 0.5 mL of 10% procaine produced severe nerve injury, whereas 1 mL of 5% procaine did not (30) . On the other hand, repeated administration of 0.5% bupivacaine to rat sciatic nerve was not associated with histologic changes, but significantly decreased the amplitude of evoked action potentials (311-Perhaps less well known is the potential for clinical concentrations of all local anesthetics to produce neurologic sequelae if administered intrathecally in relatively large doses. Permanent neurologic deficits have been produced in sheep by subarachnoid administration of large (epidural) doses of 3% 2-chloroprocaine, 0.75% bupivacaine, and 2% lidocaine (32) . Duration of exposure of neural tissue to local anesthetic may be another factor in the development of neurotoxicity. In rats, subarachnoid infusion of 0.5% bupivacaine, 1.5% lidocaine, and 2% 2-chloroprocaine resulted in neurotoxic injury attributable to duration of exposure, not to specific type of local anesthetic used (33) . Although it is difficult to compare directly the results from different animal models, local anesthetics do appear capable of inducing long-lasting structural and functional changes in neural tissue when administered at a high enough dose or concentration.
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In all four of the present cases, the amounts of local anesthetic administered were greater than those usually given with the single-injection technique. However, dosages of local anesthetic commonly used intraspinally are tailored to achieve an appropriate dermatomal level and duration, not to avoid neurotoxicity. There are several reports of continuous spinal anesthesia in which dosages of local anesthetic greater than those used for single-injection spinal anesthesia have been administered without ill effect (34) (35) (36) . In Lemmon and Paschal's classic study of 1000 cases, the largest dose given to any patient was 2200 mg of procaine; this led them to conclude that "this would indicate an individual tolerance and points out, too, that the [correct] dose in any given case is enough" (34) . Similarly, continuous intraspinal administration of 150-550 mg of hyperbaric 5% lidocaine hydrochloride (in dextrose) produced no adverse neurologic outcome; doses of lidocaine as high as 250 mg were used to establish the initial blockade (36) . Continuous spinal anesthesia also has been administered for periods as long as 14 days without permanent neurologic sequelae (37) . Interestingly, repeated injections of local anesthetic into the subarachnoid space have been associated with tachyphylaxis (38) .
Although high doses have been administered without ill effect, local anesthetic toxicity may have been responsible for the three cases of severe urinary retention (one persisted after discharge) described in Apgar's series of 422 cases of continuous spinal anesthesia (39) . Although she made no connection between this complication and dosage of local anesthetic, the highest dose administered was 1700 mg of procaine.
There is evidence that suggests that the neurotoxic potential of a local anesthetic might be unmasked if maldistribution occurs and if the drug were restricted to a small volume of cerebrospinal fluid (CSF). In 1946, Nicholson and Eversole reviewed 21,000 tetracaine spinal anesthetics that had been performed at the Lahey Clinic (16). Three cases of cauda equina syndrome were found, two with a continuous spinal technique. In one of these two, the patient received a total of 38 mg of tetracaine, yet the anesthetic level never went above the T-11 dermatome. After surgery, the patient was unable to move her legs. An obstruction at the 11th thoracic segment was diagnosed. Subsequent laminectomy revealed metastatic carcinoma to the cord, dura, and vertebrae. The authors concluded that the spinal anesthetic had precipitated clinical manifestation of the patients' underlying neurologic disease, but they recognized the additional possibility that mechanical blockage from the tumor could have restricted the spread of local anesthetic and thus resulted in a toxic concentration of local anesthetic.
The focal nature of the sensory blockade in all four of the present cases suggests that intrathecal maldistribution of local anesthetic occurred. Several characteristics of catheters, particularly microcatheters, can permit maldistribution. In the supine position, the peak of the lumbar lordosis is generally at the third or fourth lumbar vertebra. If, in the supine horizontal position, the catheter tip is caudal to the peak of this curve, sacral accumulation of local anesthetic may occur, particularly if a hyperbaric solution is administered. Evidence for this may be found in a study by Morch et al. in which CSF concentrations of lidocaine were measured at 2-, 15-, and 30-min intervals after injection through an intrathecal catheter (36) . The concentration of lidocaine in the CSF aspirated from a catheter, the tip of which lay in the sacral area, was almost nine times greater at 15 min than the mean concentration aspirated from other catheters with tips appropriately located in a cephalad position. (The former patient had a "low" block and required general anesthesia.) Unintentional sacral positioning of the tip of an intrathecal catheter may occur more frequently with a small catheter because the straight needle used for placement has less ability to control the catheter's initial direction, and the catheter's small size and flexibility may allow it to be easily deflected downward in the subarachnoid space.
The rate of injection of local anesthetic solution through a catheter may also affect distribution. Because of the higher resistance, the maximum rate of injection through a microcatheter is much lower than that through a larger "epidural" catheter and could contribute to nonuniform distribution of anesthetic (40) . That is, the concentration of local anesthetic would not be evenly or rapidly diluted by the surrounding volume of CSF. In addition, the high resistance of the small catheter makes it more likely that a small syringe and, thus, a higher concentration of local anesthetic would be selected, adding to the potential for neurotoxicity.
Of course, nonuniform distribution can occur with single-injection spinal anesthesia; it may well be the most common cause of a "failed spinal." However, when maldistribution results in a "failed spinal," anesthetists will usually either repeat the lumbar puncture or administer a general anesthetic. Unlike the repeated single-injection anesthetic, the presence of an indwelling catheter in a relatively fixed position allows an anesthetist to repeat the same mistake in a rather precise way, i.e., "the same spot on the fence may be painted again and again." Although sufficient amounts of local anesthetic may finally extend far enough to produce adequate anesthesia, this may occur only after anesthetic concentrations have reached neurotoxic levels in other areas of the subarachnoid space.
In addition to toxicity from local anesthetic, there are other microenvironmental factors that could have been responsible for or contributed to the nerve damage that occurred. Repeated intrathecal administration of hyperbaric local anesthetic can lower the pH of CSF and increase its baricity and glucose concentration. It is interesting to note, however, that low pH has been postulated to contribute to the development of tachyphylaxis as well as to neurotoxicity (38, 41) .
We have presented four patients who developed sacral root deficits after continuous spinal anesthesia. All four patients continue to have varying degrees of bladder and bowel atony, as well as perineal sensory deficits, although they are able to ambulate normally. Recognition of the link between anesthetic procedure and neurologic deficit was delayed in three of the four patients.
It appears that the combination of maldistribution and a relatively high dose of local anesthetic exposed neural tissue to a toxic concentration of anesthetic. Thus, if maldistribution occurs, neurotoxicity can result even when local anesthetics are administered in normal clinical concentrations and at total dosages well below an inadvertent subarachnoid injection of an intended epidural dose. In addition, we believe that the use of a microcatheter is more likely to result in maldistribution. However, as the fourth case illustrates, the use of a large catheter does not entirely eliminate this possibility.
The clinical practice of using a spinal catheter to "titrate" the extent and profundity of anesthesia by incremental intrathecal injection of small amounts of local anesthetic may not always be safe. Although further research is needed, the following suggestions might reduce the potential for neurotoxicity: (a) a catheter should be inserted just far enough into the subarachnoid space to confirm and maintain placement; this may decrease the possibility of sacral accumulation of anesthetic; (b) the lowest effective concentration of local anesthetic should be selected; (c) after a test dose, the extent of blockade should be assessed, and if maldistribution of anesthetic is suspected, maneuvers such as changing patient position, altering the lumbosacral curvature, switching to a different baricity of local anesthetic, and/or manipulating catheter position should be used; and (d) if these maneuvers fail to correct the problem, the technique should be abandoned.
